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ABSTRACT

The behavior of the fully rough turbulent boundary layer subjected

g to favorable pressure gradients was investigated experimentally using a
E porous test surface composed of densely packed spheres of uniform size.

Measurements of profiles of mean velocity, mean temperature and the com-

ponents of the Reynolds stress tensor are reported for both umblown and
blown layers. Stanton numbers were determined from energy balances on
the test surface and skin friction coefficients from measurements of the
Reynolds shear stress and mean velocity.

A new acceleration parameter, K for fully rough layers is de-

r’
fined and shown to be dependent on a characteristic roughness dimension

e

but independent of molecular viscosity. For K. constant and the blow-
ing fraction, F, constant and greater than or equal to zero, it is
shown that the fully rough turbulent boundary layer reaches an equilib-
rium state in which profiles of the mean velocity and the Reynolds stress
tensor components are similar in the flow direction and skin friction

coefficient, momentum thickness, boundary layer shape factor, and the
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Clauser shape factor and pressure gradient parameter all become constant.
The thermal data indicate the possibility that such a layer, with wall
temperature constant, may approach a state of equilibrium in the thermal
sense, also. Such a state would be characterized by Stanton number be-
coming constant, enthalpy thickness approaching an asymptote, and tem-
perature profiles exhibiting similarity in the flow direction.

For fully rough turbulent flow, acceleration causes an increase in
Stanton number compared to zero pressure gradient values at the same en-
thalpy thickness, Reynolds number, or position. For the present range
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of accelerations, these increases were approximately ten and twenty per-
cent for the unblown and blown cases, respectively. Data for variable
test surface temperature cases show that nondimensionally equivalent
positive axial gradients of freestream velocity and temperature poten-
tial across the boundary layer have identical effects on Stanton number.
The fully rough Stanton number behavior observed in this study is con-
trary to that previously reported for unblown accelerated smooth wall
layers.

Acceleration of a fully rough layer decreases the normalized turbu-
lent kinetic energy and makes the turbulence field much less isotropic
in the inner region (for F equal zero) compared to zero pressure gra-
dient fully rough layers. The values of the Reynolds shear stress cor-
relation coefficients, however, are unaffected by acceleration or blowing
and are identical with values previously reported for zero pressure gra-
dient smooth and rough wall flows. Increasing values of roughness
Reynolds number with acceleration indicate that the fully rough layer
does not tend toward the transitionally rough or smooth wall state when
accelerated.

An integral prediction method is presented which successfully de-
scribes Stanton number behavior in a fully rough turbulent flow with
variable velocity, wall temperature, and blowing using only a kernel
function determined from zero pressure gradient flow with an unheated

starting length.
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CHAPTER 1. INTRODUCTION

Although turbulent flow has been a prime area of both theoretical and
experimental research for the past several decades, the present understanding
of the behavior and basic mechanisms of tubulence fields is rather tenuous,
at best. Experimental data on turbulent boundary layers is either very
limited or nonexistent for many classes of boundary conditions. With the
recent advent of more sophisticated prediction schemes and turbulence models,

requirements for more detailed data on the turbulence field have increased.

Measurements of skin friction, Stanton number, and mean temperature and
velocity fields no longer provide a sufficient data base from which turbu-
lence behavior may be examined. Additional measurements of the turbulence

quantities (fluctuations, correlations) are required.

R S0 0 Y o ol R 30 et 14

An experimental study of the effects of roughness on the fluid dynamics
and heat transfer in the turbulent boundary layer has been in progress at

Stanford for the past several years. Results of this investigation for zero

o LA

pressure gradient flows have been reported previously [1,2]. The present study

considers the effects of acceleration on a turbulent boundary layer in the

fully rough state. This subject was investigated not only because of its

importance in the flow in nozzles and over turbine blades and reentry
vehicles, but also to provide more information on the nature of turbulence
by observing the response of the turbulence field to the imposed perturba-

tions (roughness and acceleration).




1.1 Background

Discussions of the literature on turbulent flows over rough surfaces
have been presented previously by Healzer [1] and Pimenta [2] and will not
be repeated here. In this section a brief introduction on the effects of
roughness on a turbulent boundary layer will be made, followed by brief
reviews of the zero pressure gradient results reported previously for the
present rough surface, the results of accelerated smooth wall turbulent
boundary layer studies, and the few previous investigations of accelerated
turbulent flow over rough surfaces.

The influence of surface roughness on turbulent flows is usually
divided into three regimes, which are characterized by the magnitude of

the "roughness Reynolds number,' Rek, where

Rek . e (1.1)

The equivalent sand grain roughness parameter, ks’ is a commonly used, single-
length-scale descriptor of rough surfaces determined by comparison with
Nikuradse's [3] classic rough pipe flow experiments. For Rek < S, the
roughness elements are contained entirely within the viscous sublayer and
the flow is termed ''smooth.'" For 5 < Rek < 55-70 some of the elements
protrude through the sublayer, and the flow is called "transitionally rough"'.
For Re, > 55-70 the viscous sublayer is effectively destroyed, and the flow
is termed ''fully rough".

In general, skin friction coefficients and Stanton numbers are greater
in a turbulent boundary layer influenced by roughness than in a smooth wall
layer at the same Reynolds number. This causes larger temperature and
velocity defects through the layer and hence thicker boundary layers, since

more freestream fluid is entrained.
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Experimental results for zero pressure gradient turbulent boundary
layers on the present rough surface were reported by Healzer [1] and
Pimenta [2]. Healzer constructed the present experimental apparatus and
reported Cf/Z and St data both with and without blowing for several veloci-
ties which included the transitionally rough and fully rough flow regimes.
He confirmed that, for fully rough flow over the present surface, both Cf/Z

and St were independent of Reynolds number, i.e.

82
Cf/z = f(;r, F) (1.2)
8
St = g(—i‘_’ F) (1.3)

Pimenta [2] reported results of an extensive investigation of the fluid

dynamics and heat transfer in both transitionally rough and fully rough zero
pressure gradient layers both with and without blowing. His observations on
the fully rough state included:
(1) The effect of roughness on the turbulence field structure extends
over most of the layer.
(2) Blowing makes the layer behave as if the surface has physically
larger roughness elements.
(3) For very large enthalpy thicknesses, the Stanton number appears
to converge to an asymptotic value.
(4) Reynolds shear stress correlation coefficients are unchanged from

the values reported for smooth wall flows.

The response of smooth wall boundary layers to acceleration is discussed

in the summary report by Kays and Moffat (4]. Briefly, smooth wall layer
du

accelerations are characterized by the acceleration parameter, K = 3% :5?&
U

oo
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Above a certain value of K, the turbulent layer develops toward a state
resembling laminar flow. For a given Reynolds number, Stanton number
decreases with increasing K, and the profiles of u'z/Ui are lowered with
acceleration [5]. In a constant K flow, the smooth wall turbulent boundary

layer reaches an asymptotic state where mean profiles are similar, Re6 and
2

Cf/2 are constant, and boundary layer thickness decreases.

Previously published studies of the combined effects of acceleration
and roughness on the turbulent boundary layer have reported only values of
wall heat flux. Reshotko, et al. [6], and Banerian and McKillop [7] invest-
igated nozzle wall flows, while Chen [8] cited experimental results for flow
over hemispheres. No boundary layer information was obtained in any of

these studies.

1.2 Objectives

This investigation was undertaken to determine the effects of accelera-
tion on the fluid dynamics and heat transfer in the fully rough turbulent
boundary layer. Specific objectives were:

(1) To define and experimentally verify the conditions required for
equilibrium in the fully rough turbulent boundary layer with
pressure gradient and transpiration.

(2) To obtain a comprehensive fluid dynamic and thermal data set for
both equilibrium and nonequilibrium accelerations of the fully
rough turbulent boundary layer.

(3) To examine the behavior of the mean and turbulence fields in the
accelerated fully rough turbulent boundary layer .

(4) To investigate the effect of blowing on the equilibrium

accelerated layer. -
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1.3 The Experiment

A brief description of the experimental apparatus and measurement
techniques will be given in this section. Additional information is provided
in Appendix I.

The Stanford Roughness Rig (Figure 1-1) is a closed-loop wind tunnel
using air as both the primary and transpiration fluids. Air temperature is
controlled using water-cooled heat exchangers in both the primary and
transpiration loops. The eight-foot long, 20-inch wide test section is four
inches high at its entrance. A flexible plexiglass upper wall (constructed
in five sections connected by thin plexiglass joints) can be adjusted to
give the desired variation in U_.

The test surface consists of 24 plates each four inches in the axial
direction. The plates (Figure 1-2) are 0.5 inch thick and uniformly porous.
They are constructed of 11 layers of 0.050-inch diameter Oxygen-Free High
Conductivity (OFHC) copper spheres packed in the most dense array and
brazed together. This configuration produces a rough test surface which is
uniform and deterministic.

Each plate has individual electrical power and transpiration air controls
and thermocouples for determining plate temperature. Stanton number is
determined by subtracting the plate losses (known from energy balance
qualification tests) from the measured power input. Uncertainty of the St
data is within + 0.0001 Stanton number units (i.e., if St = 0.00200, the
uncertainty is within + 5%).

The Stanton number data reported here were taken with a wall-to-
freestream temperature difference of approximately 30°F to maintain a
constant property boundary layer. Unless specifically stated otherwise,

all St data presented are for constant wall temperature. The freestream




velocity at the test section inlet was a nominal 88 ft/sec, and all data

were taken with a 1/2'" wide, 1/32" high phenolic trip installed three inches
inside the nozzle exit. The turbulent boundary layer was in a fully rough
state for all cases reported.

Mean temperature profiles were measured with a 0.003-inch diameter,
butt-welded, Chromel-constantan thermocouple mounted in a traversing probe
holder. The design was similar to that of Blackwell [9].

All velocity measurements were made in an isothermal flow using
linearized, constant temperature hot-wire anemometry. Measurements of U
and ;Tj were obtained using a horizontal wire, while measurements of ;72;
;Tj.and u'v' were made with a rotatable, 45° slant wire.

The physical size of the Roughness Rig and the porosity of the plates
imposed limitations on the strengths of the accelerations which could be
investigated. The height of the tunnel (four inches at the nozzle exit)
limited both the length and severity of the acceleration region since
interference of the top wall boundary layer with that on the test surface
was carefully avoided. Also, since the plates were porous, the pressure
gradient in the axial direction induced flow through the plates even with
the transpiration supply valves closed. An analysis and discussion of this
effect is presented in Appendix III. No effects of the induced transpiration
were apparent in the data. It was concluded that the quantitative effect of

the induced transpiration was negligible, certainly for the mildest and also

the blown acceleration runs, and that the qualitative trends in all the data

(and the conclusions drawn from them) were unaffected.




1.4 General Organization

The general organization of the results presented in the following
chapters is described below. In Chapter 2 the concept of "equilibrium' in
turbulent boundary layers is discussed, and the requirements for establishing
equilibrium in the fully rough turbulent boundary layer with pressure
gradient and transpiration are developed. The experimental data are
presented in Chapter 3, and characteristics and trends are discussed. An
integrated discussion of the effects of acceleration on the fully rough
turbulent boundary layer is given in Chapter 4, and Chapter 5 contains the
conclusions of the study.

Additional information and tabular data listings are contained in

Appendices I - IV.
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Figure 1-2. Closeup Photograph of the Rough Test Surface




CHAPTER 2

THE EQUILIBRIUM FULLY ROUGH TURBULENT BOUNDARY
LAYER WITH PRESSURE GRADIENT AND TRANSPIRATION

The definition of conditions for which a turbulent boundary layer
becomes similar in the flow direction in some non-dimensional sense has been
a subject of interest for a number of years. Such similar behavior is
usually termed an "equilibrium'" flow in the literature. The term
"equilibrium'" flow is sometimes used in the sense of similarity of properly
normalized mean velocity profiles; however, truly equilibrium turbulent flow
exhibits similarity not only in mean profiles, but also in the turbulence
quantities themselves.

The analytical and experimental work in equilibrium layers has been
prompted in part by the desire to follow the systematic method of fixing as
many variables as possible in a given problem. This allows one to obtain a
better understanding of the sensitivity of the problem to the uncontrolled
variables. In the specific case addressed here, that of the fully rough
turbulent boundary layer, the approach described above is the logical one to
follow. If the behavior of the fully rough turbulent boundary layer
subjected to pressure gradient and transpiration can be examined in the
equilibrium case, one can then proceed to an examination of the more
realistic non-equilibrium cases with more confidence and understanding.

In this chapter the previous work in describing and establishing the

conditions for which equilibrium exists in turbulent boundary layers is
10




discussed. Following this, an analysis of the fully rough layer is
presented. The analysis yields a definition of the proper acceleration
parameter for fully rough flows and a description of the conditions required
to establish equilibrium in the fully rough turbulent boundary layer with :

pressure gradient and transpiration.

2.1 Previous Studies of Equilibrium Turbulent Boundary Layers

In 1950 Rotta [10] presented an examination of the conditions which
would yield a smooth wall turbulent boundary layer in which the velocity
profile is distorted only affinely in the flow direction. He termed such

flows similar and showed that, neglecting the viscous wall region, the

equations describing the flow become ordinary differential equations if
Cf/Z = constant and U_ = axm, where a and m are constants. For a layer
where the friction coefficient is almost independent of x, similar soiutions
exist which depend only on m and Cf/Z, and the boundary layer thickness
increases linearly with x.

In 1954 Clauser [11] presented experimental verification of the existence
of similar turbulent boundary layer flows on smooth walls for two different

adverse pressure gradients. He termed such behavior "equilibrium'' and

defined it as the case where both
_ [H-1 1
and :
B = §.'_dp
T dx

were independent of x. In a later paper, Clauser [12] showed that the
correct choice of the length scale §' was the displacement thickness, so that

11




A RN 27,

8

B = - %. (2.2)
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It should be noted that Clauser's definition of the shape parameter G is
identical with that presented earlier by Rotta [10,13]. Additional theoretical
treatments of equilibrium turbulent boundary layers were presented by
Townsend [14] and Coles [15].

The most definitive work on equilibrium turbulent boundary layer flow
was presented by Rotta [16] in 1962. He showed that the conditions required
for exact equilibrium behavior (reduction of the equations of motion to an

ordinary differential equation) are:
Cf/Z = constant

ddl
I " constant (2.3)

and

§
Phowr N N
g = ;; 5 constant

Two flows obeying these constraints exactly were shown to be flow over a

smooth wall with U_ ~ where x> x and flow over a uniformly rough

X “X
O

wall with U ~ exp (ﬁi %%?) . Other variations of U_ were shown to either
require a given roughness variation with x or not to satisfy exactly the
conditions required above.

There are indications based on experiméntal rough wall studies that
exact equilibrium cases exist for conditions not corresponding to the

velocity and roughness criteria above. Perry, et al. [17], found that a

12
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zero pressure gradient turbulent boundary layer developing over a two-

dimensional cavity type roughness of constant height conformed to Rotta's

conditions for precise self-preserving flow. Pimenta [2] also found
indications in his work on zero pressure gradient flow over the rough surface
used in this study that the boundary layer was approaching such an equilibrium

state.

2.2 Conditions for Equilibrium in the Fully Rough Turbulent Boundary Layer
with Pressure Gradient and Transpiration

In order to determine the conditions for which equilibrium will be
obtained in the fully rough turbulent boundary layer with pressure gradient

and transpiration, consider the two-dimensional momentum integral equation

0 ds, LA,
T"’F:'EK*Gz(Z*H)EW (2.4)

where the variation of p_ with x has been neglected, as have the normal
Reynolds stresses. For the zero pressure gradient fully rough state, it
has been shown [1,2] that the skin friction is independent of Reynolds

number and can be functionally represented as

)
Cef2 = £ (T’ F) (2.5)

where r is a length scale characteristic of the roughness elements.
For the present deterministic rough wall where height and distribution
are describable by a single length scale, r is taken as the radius of the

spheres comprising the surface. In the most general case, of course, one

Bidiinn.

length scale describing height and one describing distribution in addition

4

13




e W P54
k2

to a parameter describing roughness element form are necessary for the
description of a rough surface. Most investigators in the past have used
the "equivalent sand grain roughness' scale, ks, determined by comparison
with Nikuradse's [3] classic pipe flow experiments, in order to obtain a
single length scale description of roughness.

One condition necessary for equilibrium is that Cf/Z be constant.
Additionally, consider only the case for constant F and assume that the
functional form of Equation (2.5) will remain valid for flows with pressure
gradient. Under these conditions, 62 is constant and Equation (2.4) becomes

8, du,,
Cf/2 + F= (2 +H) U; - ~a constant (2.6)

Defining a pressure gradient parameter for fully rough flow as

du

(e8]

B
Kr = U & (2:7)

where L is a length scale yet to be specified, Equation (2.6) can be
written as

(Cg/2 + F)

Kr = 2+ H)(GZ/L) = constant

(28]

for an equilibrium condition.

The choice of the proper length scale L to use in (2.7) is not
immediately obvious. One might use an integral scale of the flow (6, 61, 62)
or a roughness scale (r, ks). The roughness element radius, r, will be used
in this development. A discussion of the arguments for this choice will be

deferred to a later section. Thus,

14




du

e+

Ko (2.9)

For a fully rough flow with constant F and Kr’ the layer could be
expected to exhibit an equilibrium state for which Cf/Z, 62, H, and B are
all independent of x. This expectation has been experimentally verified in
the present investigation for positive K. and F. For Kr < 0 (adverse
pressure gradients) Equation (2.8) indicates equilibrium flow is possible
only for F < 0 (suction). Fully rough flows with Kr constant are equilibrium
flows in the strictest sense since all of the conditions of (2.3) are
satisfied.

The freestream velocity variation required for an equilibrium flow is
found by integration of Equation (2.9) with Kr = constant to be
U eKr(x-xo)/r

(2.10)

oo,o

where the subscript o indicates the position at which the velocity variation
begins. This agrees with Rotta's [16] result, but from the development above
it is clear that fully rough flow is required for the velocity variation
(2.10) to give an equilibrium flow. For transitionally rough flow, Cf/Z

is a function not only of §,/r and F, but also of U,. Thus,a constant K_
flow would not be an equilibrium flow for a transitionally rough turbulent
boundary layer.

For F and Kr constant, it can also be shown that

Ce/2 + F
- H i

and

15
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Cf/Z = {(H + 2) Kr(éz/r) = B (2.12)

The definition of K, for fully rough flows is analogous to that of the

smooth wall acceleration parameter

du

K =U_Vzaxﬁ (2.13)

o

An accelerating turbulent flow on a smooth wall with K = constant yields a
boundary layer with ReGZ constant that is equilibrium in the sense that mean
velocity profiles become similar and G and B are constant. Such a flow is
not truly an equilibrium flow in the sense of equations (2.3) since

ds,
dx

smooth wall and fully rough turbulent boundary layers is presented in

~-jf # constant. A comparison of the asymptotic accelerated states for
U

oo

Table 2.1.

2.3 Choice of Length Scale in Acceleration Parameter K

The choice of the correct length scale to be used in the fully rough
acceleration parameter K. is not obvious from the development in Section 2.2.
A scale based on roughness size (r, ks) or a local scale of the boundary
layer (8, 61, 62) could be chosen. The near wall scale used in smooth wall
layers, ﬁL , should not be considered because the turbulence field of the
fully rou;h layer is independent of viscous effects, at least for regions
outside the roughness elements [2].

One requirement which should be imposed is that when Kr is constant, an
equilibrium condition should result. This requirement leads to the choice

of roughness size as the proposed scale. Define:

16
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R R 3 (2.9)
' 6], dUOD
K_r » U_ -ax— (2.14)
and
8., du
K = Ug‘d;:: (2.15)

for convenience in the discussion to follow. If the fully rough flow is in
an equilibrium state, 61 and 62 are both constant and thus Kr’ K;, and K: are
all constant and meet the requirement above. However, consider a case where
a non-equilibrium acceleration is imposed on a surface of constant roughness.
It is possible, in principle, that an acceleration could be imposed such that
the product of (Ul; Eia%: and 61 or 62 would be constant. Thus, in principle,
K; or K: could be maintained constant in a non-equilibrium fully rough flow.
Therefore, it appears that a local scale of the layer is not suitable for
use in defining K.

In choosing a roughness length scale for use in Kr, one is assuming
that if r (or ks) is doubled, then ( Ul; %[iﬁ must be halved to achieve the
same effect for both the cases r = ri and r = Zrl. Confirmation of this
behavior must await further experimental work. However, it is obvious that
some wall scale effect must be included in Kr’ otherwise the smooth wall
parameter, K, would adequately describe rough wall accelerations.

Since the equivalent sand grain roughness of the present rough surface

according to Schlichting [18] is 1.25 r, the conversion of the Kr values

reported to values based on ks is easily made if desired.




Table 2.1

COMPARISON OF ASYMPTOTIC ACCELERATED STATES FOR SMOOTH
AND FULLY ROUGH TURBULENT BOUNDARY LAYERS

Smooth Rough
v du, T du,
Acceleration Parameter K = 67'757 Kr = U;'?ET
Redz Constant Increases
62 Decreases Constant
-K.(x - x)/r
1 T 0
Um/Um’o KU ” e
= 3 F=
1 = (x xo)
: H Cf/Z + F ; H Cf/Z +F
8 A+ 1)\ 7C72 A+ Z)\ "2
GZ(H + 1) dU_ GZ(H +2) du

Note: Subscript o indicates point where acceleration begins.
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CHAPTER 3
EXPERIMENTAL RESULTS

The experimental data obtained in this study will be presented in this

chapter and trends, similarities, and comparisons will be noted and discussed
briefly. An integrated discussion and description of the effects of accelera-
*ion on the fully rough turbulent boundary layer will be presented in Chapter
4.

The experimental program covered five different cases:

M K, =0 F=0
@ K - 0.15x10° F =0 (equilibrium)
(3) K. =0.29x10" F=0 (equilibrium)
@) K. =0.29x10"> F=0.0039 (equilibrium)
(5) K= 0.28x10° F=o0 (non-equilibrium)

Case 1 was run as a baseline set and to compare the present data with those
of Pimenta [2] for identical conditions. Cases 2, 3, and 4 are equilibrium

acceleration runs for the fully rough turbulent boundary layer. In Case 5
du
the smooth wall acceleration parameter K = J% I vas maintained constant,.
U

]

This represents a non-equilibrium run for the fully rough layer.
In setting up each of the equilibrium runs, the value of Kr and the x-

position at which the acceleration was begun were matched with the §,, H,

19




and Cf/Z data taken at that position for Kr = 0, using Equation (2.8). Thus,
the boundary layer entered the region of acceleration near the equilibrium
state for the Kr applied, and the length of the equilibrium flow established
was maximized.

e ok

Measurements included Stanton numbers and profiles of T, U, u'”, v'",
;77, u'v'. These data allowed calculation of skin friction coefficient
Cf/Z, turbulent Prandtl number Pry, mixing length %, and profiles of Q+ and
t'. The profile measurements were obtained using two hot wires--one horizontal
and one rotatable 45° slant--and a butt-welded thermocouple probe similar in
design to that used by Blackwell [9]. Details of the measurements and
techniques used are presented in Appendix I.

In the following sections the K. = 0 baseline data will be presented

first. The four cases with acceleration will then be described with

presentation of the data in the following order:

e Summary graphs for each case

Integral quantities ( St, Cf/Z, §, A, etc.)

Mean velocity and temperature profiles

Reynolds stress tensor components

Turbulent Prandtl number and related quantities

The final section of this chapter will describe a Stanton number prediction
technique and some supplementary Stanton number data, including cases with
steps in wall temperature, variable wall temperature, and variable blowing

with acceleration.

3.1 Zero Pressure Gradient Data

The data for zero pressure gradient were obtained both to provide a

baseline set of measurements taken using the same techniques used in

20




acquiring the accelerated data and also to demonstrate the compatibility of
the data with the results of Pimenta [2] for the same conditions and test i

surface.

e

Stanton number data are shown in Figure 3-1 for both F = 0 and 0.0039.
The data of Pimenta for an untripped layer are also plotted, and the
comparison between the two sets is excellent for large 7;, being well
within the data uncertainty of + 0.0001 Stanton number units. The correla-
tions proposed by Pimenta for interpolation of his data are also shown. These

correlations are:

A -0.175
2
St = 0.00317 (-r_) (3.1)
fy
for F= 0 and 4 < = < 15 and
TS
In(1+B,)
st | . [ B ] (1+8,)0°178 i3
Bh
Ol

for 0 < F < 0.0040, where:
Sto is the Stanton number for F = 0 and the same AZ

Bh = F/St is the blowing parameter.

Figure 3-2 presents the skin friction coefficients obtained for F = 0
by Healzer [1], Pimenta [2], and the present author. Healzer differentiated
his momentum thickness measurements to obtain Cf/Z, while Andersen's [19]
shear stress method for skin friction determination was used in this study
and also by Pimenta. The results of Pimenta and the present author show
good agreement, while the data of Healzer deviate slightly from the others
at theslarger values of Gz/r. The correlation of Pimenta for F = 0 and

&

1.0 < + < 10.0
21
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s =075
2
Cf/Z = 0.00328 (77) (3.3)

is also plotted.

All of the skin friction coefficients in this study were calculated {

using

wesz=vEl -Gl -uu F
f ay 'y
1 " 1
[/ v 2 2 2
1 /v Y1 b _do - 207
: /(q) ) -l &' T %
| o
(3.4)
¢ S B0 o u, U,
+ = dy S LA
L p, dx ¥ r
LO

The derivation of (3.4) is straightforward. Briefly, the momentum
equation (incorporating the usual boundary layer assumptions but allowing
0y = P,(x)) and the continuity equation are integrated from the surface to a
position Y1 in the boundary layer. Then, measurement of successive velocity
profiles in the x-direction and u'v' at y = Yq for each x-position allows
calculation of Cf/Z versus X, using (3.4). The position y, was always 0.130"
in this study, since the rotatable slant hot wire used to measure u'v' was
limited to y > 0.125".

A typical velocity profile is plotted versus (y + Ay)/é2 in Figure 3.3.

Since the normal coordinate y is referred to the tops of the spherical

22
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elements comprising the test surface, the 'wall shift'" Ay gives the location
of the "apparent wall" for the mean velocity. This wall shift has been a

topic of much discussion by previous workers in roughness and will be

discussed in more detail later in this chapter. It is shown in the figure

that the present data follow Schlichting's [18] expression for fully rough

flow

1 i SR B (3.5)

Note that the value of kS used (0.031") is determined from Schlichting's
tabulated values and not by back-fitting Equation (3.5). The smooth wall
'""law of the wall" is also shown for reference.

Measurements of the three components of the turbulent kinetic energy
normalized by Ui are shown in Figure 3-4 plotted versus y/8. The present
measurements agree with those of Pimenta within the data uncertainty.
Comparison of the fully rough data with the ;Tj-data of Klebanoff [20] for
a smooth wall shows several important characteristics of fully rough flow
(which were noted by Pimenta [2]). First, for fully rough flow the peak in
;Tj is moved out from the wall, lowered, and spread over a greater portion
of the layer than is the case for smooth wall flows. Second, the effect of
the roughness is felt across practically the entire layer in the form of
increased turbulence energy. Blake [21] also observed this behavior in his
fully rough flow data. Thus, the assumption made by some authors [8,17] that
the effect of roughness is confined to the near wall region is not valid for
the turbulent kinetic energy components. Pimenta showed that this effect

was not due to the greater freestream turbulence (= 0.4%) in the present

tunnel as compared with that of Klebanoff (» 0.02%). He also showed that
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the use of Uf as a nommalizing velocity did not collapse the smooth and

rough wall results, as was suggested by Hinze [22] based on the measurements

of Corrsin and Kistler [23] over 2-D roughness elements.

3.2 Data with Acceleration

Summary graphs for the four cases of accelerated flow investigated are
shown in Figures 3-5 through 3-8. The purpose of these plots is to show
the variation of Kr and the integral quantities Cf/Z, 62, and H which are
indicators of equilibrium flow according to the discussion in Chapter 2. The
Stanton number variation is also plotted to illustrate the integral behavior
of the thermal field. In each figure, “he data are plotted versus distance

along the test section, x. In the discussion which follows, F = 0 unless

specifically stated otherwise.

Data from the K. = 0.15 x 10™% run are presented in Figure 3-5. This
run had the longest region of Kr constant (x = 44" to 88'"), with the velocity
increasing from approximately 88 to 115 ft/sec. As seen in the figure, 62,

H and Cf/Z all become constant in the region of K constant, indicating that

equilibrium flow was established. Stanton numbers in the acceleration region

are about 10% larger than for the K. = 0 case and appear to be approximately
constant within the data uncertainty. The behavior is different from that
observed for accelerated smooth wall layers, where Stanton number is

unaffected for small K, then decreases in comparison to the unaccelerated

case at the same Reynolds number or same x-position as K increases (4,24,25,26].

3

Data for K. = .29 x 1077 are shown in Figures 3-6 and 3-7 for F = 0

and F = 0.0039, respectively. In both these cases, K. is constant from
x = 24" to 52", U_ increases from 88 to 129 ft/sec, and 62, Cf/Z, and H all

reach constant values in the acceleration region. Stanton number shows the

24




same behavior as seen in Figure 3-5 in the region of acceleration, then

decreases immediately to the Kr 0 baseline data when the acceleration is
removed.

.28 x 10-6, nonequilibrium case are

it

The summary data for the K
presented in Figure 3-8. The smooth wall acceleration parameter K is
constant from x = 24" to 52", U_ increases from 88 to 150 ft/sec, and Kr
varies from .25 - .50 x 10-3 in this region. The shape parameter H
decreases along the entire test section, while 62 increases as the layer is
entering the region of acceleration, then levels off and finally decreases.
This 6, behavior is similar to that observed in the asymptotic accelerated

smooth wall layer [27,28]. Skin friction coefficient shows very little

variation, and appears to remain about constant. This is not surprising
considering the small variation of 62 in the acceleration region. Stanton
number shows the same increase over Kr = 0 values observed in the equilibrium
cases and recovers immediately to unaccelerated baseline values when the
acceleration is removed.

It was noted above that Stanton number appears to be approximately

constant within the data uncertainty in regions of Kr constant. However,

it is impossible to reach a firm conclusion in this regard due to the
inherent uncertainty in the data and the relatively short regions of
acceleration. An argument that Stanton number for I(r > 0 varies as A2~0‘175

(as in the Kr = (0 case) or some similar weak function of A2 could also be

supported by the present data. ]

If, for the sake of argument, one assumes that St is constant in a
region of constant Kr’ then the behavior of A2 in such a region can be

determined. The 2-D energy integral equation for F = 0, constant properties,

and constant wall to freestream temperature difference may be written as [29]
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dAZ T
St xar fls (3.6)

If St and Kr are constant from a position X. to x, then (3.6) can be

integrated to yield

Str d [ Stcr] e—Kr(x-xC)/r G

2 K
T

Thus the enthalpy thickness will approach an asymptotic value (Stcr/Kr) if a
flow is established such that St and Kr are constant.

Equation (3.7) was evaluated for the Kr = .15 x 10-3 case assuming
X, = 58" and StC = 0.00242. The results are shown in Figure 3-9 and
compared with the enthalpy thicknesses computed from the mean velocity and
temperature profiles. The agreement between the measured values and
calculated values assuming St = constant is excellent, thus supporting the
observation that Stanton number, if not a constant, is at most a weakly
varying function of AZ in an equilibrium accelerated fully rough turbulent
boundary layer with constant wall temperature.

As shown in Figure 3-9, for the K. = .15 x 1073 run the approach of A,
to the indicated asymptotic value is very slow. In fact, AZ would reach 99%
of the asymptotic value only after (x-xc) ~ 60 feet. Since 62 is constant
in the equilibrium case, the ratio A2/62 would therefore increase for an

appreciable distance.

3.2.1 Integral Quantities

The Stanton number data in the accelerated region for the three

equilibrium runs are shown versus Az/r in Figure 3-10 compared with

unaccelerated data for F = 0 and 0.0039. The accelerated data increase
26
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over the K = 0 data by ~ 10% for F = 0 and ~ 20% for F = 0.0039. As
discussed in the previous section, the Stanton number data ir. the constant
K. region can be argued to be either approaching a constant value or at the
very least to be a weaker function of enthalpy thickness than in the
unaccelerated case.

Skin friction coefficients in the acceleration region are plotted
versus 52/r in Figure 3-11 and compared with the unaccelerated cases. The
K. = 0 data for F = 0.0039 are from Pimenta's study. For the three equili-
brium cases, both Cf/Z and 62 are constant in the acceleration region and
thus only a single data point for each case appears in these coordinates.

In the unblown cases, it appears that acceleration causes a slight increase
(~ 5%) in Cf/Z over the baseline data. It should be noted that this is
within the uncertainty (~ 10%) of the Cf/2 data, however. In the blown case
(F = 0.0039), the acceleration data point lies approximately 30% above
Pimenta's K, =0 data. In smooth wall flows acceleration also leads to an
increase in Cf/Z compared with zero pressure gradient values for the same
Reynolds number ([27,28].

Figure 3-12 shows temperature and velocity boundary layer thicknesses
(A and 8, respectively) for the five cases investigated. No temperature
profiles were taken in the present study for Kr = 0, so A is not shown for
the baseline case. In the three equilibrium accelerated cases, the rate of
growth of both § and A decreases in the acceleration region. From the
equilibrium conditions developed earlier for the fluid dynamics, one would
expect 6 to eventually assume a constant value for 1(r = constant, and it
does appear from Figure 3-12 that § is approaching an asymptote in the region
of K. constant. After the acceleration is removed in the two Kr = 0.29 x 10'3

runs, the boundary layer thicknesses A and § resume a rate of increase with X

similar to that observed for the Kr = 0 case. The data for the nonequilibrium
27




6 run exhibit behavior similar to that observed in smooth wall

K=.28x 10

accelerated flows [24,25,27,28]. Both § and A begin to decrease near the

end of the acceleration region. In all four acceleration cases, the

temperature boundary layer thickness A is greater than § for all x, but the

two thicknesses show the same trends in the acceleration and recovery regions.
A comparison of enthalpy thicknesses obtained from integration of

temperature and velocity profiles and from integration of the constant property

energy integral equation in the form

& 1 d s
St + F = U:(m ’d—x— {AZ Uoo (TW Tw,o) (3.8)

using measured Stanton numbers is shown in Figure 3-13 for the four acceler-
ation cases. Reasonable agreement is found between the two methods, with
the maximum discrepancy being about 10%. The behavior of A, is similar to
that observed for A in Figure 3-12.

Figure 3-14 presents the variation of roughness Reynolds mumber with x

for all five cases, where

Re, = 2 L (3.9)

and ks was taken as 0.031", as noted previously, for the present surface.
The roughness ieynolds number increases with acceleration since U_ (=%C;77'Uw)
increases and 7§~remains constant.

These results have important implications. The utility of the roughness
Reynolds number lies in its magnitude relative to the viscous sublayer
thickness. Following the traditional argument, for Rek < 5, the roughness

elements do not penetrate the sublayer and the flow retains its smooth wall
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characteristics. For 5 < Rek < 55 to 70 (depending on the data and/or
author) the flow is '"'transitionally' rough, and for Rek > 55 to 70 the flow
is fully rough. These ranges are all for F = 0. Since Rek increases in the
acceleration region, the roughness elements protrude further out into the
layer (in a nondimensional sense) in this region. There is no viscous
sublayer present in the fully rough layer, so the increase in Rek with
acceleration can be viewed as making it more difficult for a viscous sublayer
to form.

This observation is important when one considers the behavior of
accelerated smocth wall flow. Kays and Moffat [4] note that experimental
evidence indicates acceleration of a smooth wall turbulent boundary layer
causes an increase in the viscous sublayer thickness. Also, it is well known
from the results of many investigations that acceleration of a smooth wall
turbulent layer causes the layer to develop toward a state resembling laminar
flow. Consideration of these smooth wall accelerated flow characteristics
might lead one t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>